The ab initio R-matrix method is used to calculate effective collision strengths for electronimpact excitation of the sulphur-like ion Cl II in the close-coupling approximation. All 10 astrophysically important fine-structure forbidden transitions within the 3s 2 3p 4 3 P e 0;1;2 , 1 D e 2 , 1 S e 0 ground configuration levels are considered. The 12 lowest LS target states are included in the calculation. Effective collision strengths are obtained by averaging the electron collision strengths over a Maxwellian distribution of electron velocities. Results are presented for electron temperatures in the range log TðKÞ ¼ 3:3 to log TðKÞ ¼ 5:5, appropriate for astrophysical applications. These are the only effective collision strength data that are currently available.
I N T R O D U C T I O N
Emission lines arising from transitions among the 3s 2 3p 4 levels of sulphur-like ions such as Cl II, Ar III and K IV are present in the optical and near-infrared spectra of planetary nebulae such as NGC 2440 (Hyung & Aller 1998) , IC 4634 (Hyung, Aller & Feibelman 1999) and NGC 6543 (Hyung et al. 2000) . These features can, in principle, provide useful electron temperature and/or density diagnostics for the emitting plasma (Czyzak, Keyes & Aller 1986; Stanghellini & Kaler 1989) . However, such information can only be obtained through the use of accurate atomic data.
A calculation of the ratio of optical-to-infrared emission-line strengths in Ar III was performed by Keenan & Conlon (1993) using electron-impact excitation rates calculated using the R-matrix method by Johnson & Kingston (1990) . Further calculations have been performed as part of the Iron Project for the sulphur-like ions Ar III, K IV and Ca V by Galavis, Mendoza & Zeippen (1995) , and the accuracy of the results for Ar III has been assessed (Galavis, Mendoza & Zeippen 1998) .
Surprisingly, though, little attention has been paid to obtaining collision strength data for Cl II. An early calculation for this ion was undertaken by Krueger & Czyzak (1970) using a combination of distorted-wave and exact resonance approximations. The target states were represented by single-configuration Hartree -Fock wavefunctions. The purpose of the present work is to perform a sophisticated calculation for Cl II, through careful consideration of any resonance structure and the inclusion of channel-coupling effects by the use of a suitable set of target states. We will thus be able to calculate accurate and reliable collision strengths for the fine-structure forbidden transitions within the 3s 2 3p
4 ground configuration and thence effective collision strengths over a range of temperatures of interest to astrophysicists.
T H E M E T H O D
We used the general configuration-interaction code CIV3 (Hibbert 1975) to calculate wavefunctions for the Cl II ion in LS coupling. This is achieved by expressing each state C as a linear combination of single-configuration functions F i possessing the same total LSp symmetry:
The mixing coefficients a i are the eigenvector components of the Hamiltonian matrix with particular LSp symmetry which has elements
with H denoting the Hamiltonian operator. The corresponding eigenvalues are upper bounds to exact energies of the ionic states. The a i represent the coupling of the angular momenta associated with the one-electron spin orbitals to form a total L and S and, if necessary, additional quantum numbers required to characterize the configuration state function F i . We build the {F i } from a set of one-electron functions, each consisting of a product of a radial function, a spherical harmonic and a spin function: u nlmlms ðr; sÞ ¼ 1 r P nl ðrÞY ml l ðu; fÞx ms ðsÞ:
We choose these orbitals to be analytic in our calculations and express the radial part as a linear combination of Slater-type orbitals
where
The powers of r, {I jnl }, are held constant, but the coefficients {c jnl } and the exponents {z jnl } are treated as variational parameters when determining the radial functions. Ten orbitals are employed in this calculation, eight 'spectroscopic ' (1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p) and two pseudo-orbitals (4d, 4f). The c jnl , I jnl and z jnl parameters for the 1s, 2s, 2p, 3s and 3p orbitals were taken to be the Hartree -Fock values calculated by Clementi & Roetti (1974) 4s and 3s 2 3p 3 4p, keeping the 1s, 2s and 2p shells closed. We restrict the 4f configurations to those which have one 4f electron. This configuration-generation scheme yielded a total of 6314 configurations. This large number of configurations presents computational difficulties, and so we retained in the wavefunction expansion only those configurations with sufficiently large eigenvector components ðja i j $ 0:01 in equation 1). The calculation is thus performed with 857 configurations; the number of configurations employed in the representation of each of the 12 lowest target states included in the present work is given in Table 2 .
We compare the energies of the LS target states, in rydbergs ð1 Ryd ¼ 2:180 £ 10 218 JÞ relative to the 3s 2 3p 4 3 P e ground state, with data from the US National Institute of Standards and Technology (NIST) data base, accessible at http://physics.nist.gov collated from the work of Kelly (1987) and averaged according to their statistical weights in Table 2 . Such a comparison is useful to assess the accuracy of the wavefunctions used in the representation of the target states. The agreement between the present theory and the observed values is very satisfactory, and so we consider the wavefunctions to be sufficiently sophisticated.
The R-matrix method, as described by Burke & Robb (1975) and Seaton (1987) , was employed in the electron-scattering calculations, using the associated computer codes described by Berrington et al. (1987) . We included 30 Schmidt-orthogonalized continuum orbitals, ensuring that a converged R matrix was obtained up to the highest electron energy considered (17.5 Ryd). The R-matrix radius was taken to be 16.2 a 0 (a 0 is the Bohr radius). The LS-coupled Hamiltonian matrices were adjusted so that their theoretical term energies matched the observed values from the NIST data base. The adjustment of energies in this way ensures the correct positioning of resonances relative to the thresholds included in the calculation. All total angular momenta up to and including L ¼ 12 were included to form ðN þ 1Þ-electron symmetries with doublet, quartet and sextet multiplicities, for both even and odd parities. As a consequence, for the optically forbidden transitions considered in this work, convergence of the collision strengths was fully achieved. The configurations describing these ðN þ 1Þ-electron symmetries were generated by the addition of one electron to those configurations generated by the replacement of two electrons from the n ¼ 3 complex in the ground-state electron distribution (3s 2 3p 4 ). Having obtained the scattering K matrices within the framework of the LS-coupling scheme, we utilize the JAJOM program of Saraph (1978) to transform to LSJ intermediate coupling including fine-structure mixing of the target terms and thus produce collision strengths, V, between the J-resolved levels (McLaughlin & Bell 2000 provide fuller details of the transformation).
We note that the cross-section s if (in cm 2 ) between an initial target level i and a final level f is related to the collision strength (V if ) by the expression
where v i is the statistical weight of the initial target level, k 2 i the incident electron energy in rydbergs and a 0 the Bohr radius in cm. While the collision strength is often useful in its own right, more frequently in application it is assumed that the scattering electrons have a Maxwellian velocity distribution. The effective collision strength is then the appropriate quantity. For excitation from level i to level f, the (dimensionless) effective collision strength, Y if , at electron temperature T e (in kelvins) is given by
where E f is the final free electron energy after excitation and k is Boltzmann's constant.
R E S U LT S A N D D I S C U S S I O N
In order that the Maxwellian-averaged effective collision strengths are evaluated accurately, it is essential that the energy dependence of the collision strength is known over a wide energy range and for a large number of energy points. It is imperative that the complex autoionizing resonances that converge to the target-state thresholds are fully delineated, since the presence of these structures can have a significant effect upon the effective collision strengths (see for example Ramsbottom, Bell & Stafford 1996) . In consideration of this, we have utilized a fine mesh of incident impact energies, typically 0.0002 Ryd across the energy range 0 -17:5 Ryd. Pseudoresonances, which arise as a result of the inclusion of pseudoorbitals in the wavefunction representation (Burke, Sukumar & Berrington 1981) ] using a cubic spline fit. This procedure ensures that there is no distortion of the effective collision strength results in the highenergy (and hence high-temperature) region.
In Figs 1 -10 , we present the collision strength as a function of incident electron energy (in Ryd) for the 10 astrophysically important forbidden transitions among the five 3s 2 3p 4 finestructure levels of Cl II.
In Figs 1, 2 and 3 , we present the collision strengths for the 3s 2 3p 4 3 P 0 -3s 2 3p 4 3 P 1 , 3s 2 3p 4 3 P 0 -3s 2 3p 4 3 P 2 and 3s 2 3p 4 3 P 1 -3s 2 3p 4 3 P 2 transitions, respectively. It is clear from these figures that the collision strengths exhibit significant resonant character. At lower energies some broad resonances can be observed, whilst at higher energies narrower autoionizing resonances can be seen converging to the thresholds included in this work. These resonant structures will significantly affect the Maxwellian-average effective collision strengths. By employing a suitably fine mesh, these structures are fully delineated. The corresponding effective collision strengths for these three transitions are presented for the range of temperatures log TðKÞ ¼ 3:3 -5:5 in the first three rows of Table 3 . The effective collision strengths remain broadly constant before gradually decreasing in the range log TðKÞ ¼ 4:0 -5:5.
We present collision strengths for the 3s The absence of resonant features in the incident electron energy range 0:25 -0:5 Ryd can be attributed to the energy difference between the 3s 2 3p 4 1 S and 3s3p 5 3 P o states. The corresponding effective collision strengths are given in rows 4 -6 of Table 3 and are broadly constant in the range log TðKÞ ¼ 3:3 -4:0, before decreasing gradually to approximately half this value at a temperature of log TðKÞ ¼ 5:5.
In Figs 7 -9, we present the collision strengths for the 3s 2 3p 4 3P 0;1;2 -3s 2 3p 4 1S 0 transitions. The collision strengths for these three transitions exhibit similar behaviour. For these transitions, well-defined resonance structures can be observed, including some rather narrow resonances, which have been fully resolved by employing a fine energy mesh. The effective collision strengths (rows 7 -9 of Table 3 ) are rather similar in character to those obtained for the 3 P 0;1;2 -1 D 2 transitions. However, the effective collision strengths remain approximately constant until a temperature of about log TðKÞ ¼ 4:3, after which they gradually decrease.
In Fig 10, 4 3 P state. The effective collision strength data are presented in the last row of Table 3 , and only a very slight decrease from 1.5 to 1.35 over the temperature range considered in this work is observed.
C O N C L U S I O N S
We have presented collision strengths and the corresponding Maxwellian-averaged effective collision strengths for the 10 finestructure forbidden transitions among the 3s 2 3p 4 levels of Cl II. A 12-state R-matrix calculation was employed to obtain the results. The wide temperature range considered in this work, log TðKÞ ¼ 3:3 -5:5, is appropriate for the application of the data to many astrophysical applications.
It is difficult to predict the overall accuracy of the results presented in this paper. This can only be assessed by comparison with more sophisticated calculations and/or through application to the interpretation of astrophysical plasma data. However, experience from similar calculations for other ions (see for example Ramsbottom, Bell & Keenan 1999) would indicate an accuracy of around 10 per cent. However, a lower accuracy will certainly be the case for high-temperature results, for which the most serious errors will be due to the omission of higher-lying states in the wavefunction expansion. We are confident that the accuracy of the present data will meet most of the requirements of plasma diagnostics.
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